Cognitive malfunction, synaptic dysfunction, and disconnections in neural networks are core 29 deficits in Alzheimer's disease (AD). 5xFAD mice, a transgenic model of AD, are characterised by 30 an enhanced level of amyloid-beta and abnormal neurotransmission. The dopaminergic (DA) 31 system has been shown to be involved in amyloid-beta transformations and neuronal plasticity; 32 however, its role in functional network changes in familial AD still remains unclear. In 5xFAD and 33 non-transgenic freely moving mice, electroencephalograms (EEGs) were simultaneously 34 recorded from the secondary motor cortex (MC), superficial layers of the hippocampal CA1 area 35 (HPC), substantia nigra (SN), and ventral tegmental area (VTA). EEGs and their frequency 36 spectra were analysed before and after systemic injection of a DA receptor agonist, apomorphine 37 (APO). In the baseline EEG from MC and HPC of 5xFAD mice, delta and alpha oscillations were 38 enhanced and beta activity was attenuated, compared to control mice. In VTA and SN of 5xFAD 39 mice, delta-theta activity was decreased and beta oscillations dominated. In control mice, APO 40 suppressed delta activity in VTA to a higher extent than in MC, whereas in 5xFAD mice, this 41 difference was eliminated due to attenuation of the delta suppression in VTA. APO increased 42 beta activity in MC of mice from both groups while significant beta suppression was observed in 43 VTA of 5xFAD mice. These mice were characterized by significant decrease of tyrosine 44 hydroxylase immunopositive cells in both VTA and SN and of DA transporter in MC and 45 hippocampal dentate gyrus. We suggest that the EEG modifications observed in 5xFAD mice are 46 associated with alterations in dopaminergic transmission, resulting in adaptive changes in the 47 cerebral networks in the course of familial AD development. 48 49
Loss of midbrain dopamine neurons and altered apomorphine EEG effects in the 5xFAD

Introduction 53
Alzheimer's disease (AD), characterized by neurodegeneration, pathological formation of 54 extracellular amyloid plaques and intraneuronal aggregation of hyperphosphorylated tau into 55 neurofibrillary tangles in the brain, is associated with a gradual decline of cognitive abilities (for 56 review, see [1] ). Synaptic dysfunction and an imbalance between coordinated activities of 57 different brain structures is hypothesized to be the main cause of abnormal functioning of the 58 diseased brain [2 -5] . Cognitive decline in AD is thought to be associated with alterations in 59 synaptic transmission and thus in neuronal network function that is accompanied by modification 60 of oscillations in the affected circuits [6, 7] . Superimposed extracellular fields arising from 61 synaptic transmembrane currents of neurons involved in the circuits are supposed to form the 62 electroencephalogram (EEG) [8] whose frequency composition has been shown to be associated 63 with cognitive abilities of AD patients [9] . Substantial changes in the interhemispheric asymmetry 64 in cortical EEG frequency spectra, demonstrated in AD patients [10] , are in line with the well-65 known role of interhemispheric transfer for effective learning and memory [11] . Furthermore, 66 changes in EEG recorded from the frontal cortex and/or the hippocampus, key brain areas in 67 learning and memory processing, have been shown in an amyloid rat model of AD [12] and in 68 numerous transgenic mouse models of AD [13 -19] . 69
Among transgenic mice, the 5xFAD line is distinguished by expressing multiple familial AD 70 (FAD) mutations that additively increase amyloid-beta42 (Aβ42) production, the main hallmark in 71 AD, and by causing dissociation between cortical and hippocampal synaptic plasticity [20] , 72 changes in cortical excitability and hippocampal rhythmicity, and defects in cholinergic 73 transmission [18] . 5xFAD mice have been shown to exhibit intraneuronal Aβ accumulation at 1.5 74 months, Aβ deposition at 2 months, and memory deficits at 4 months of age [21] that are 75 accompanied by defects in synaptic vesicle dynamics and neurotransmitter release [22] . Despite 76 a significant Aβ accumulation, the overall numbers of neurons in the frontal cortex and 77 hippocampus in 5xFAD mice have been shown to equal those in age-matched controls, with the 78 exception of a neuronal loss in cortical layer 5 [23] . Interestingly, before this specific structural 79 dystrophy, synaptic deficits in layer 5 neurons were observed [24] . Thus, a deeper insight into the 80 activities of different brain networks and their changes in the 5xFAD mice promises to aid 81 effective analysis of the AD pathogenesis [18] . 82
In a number of recent studies on AD transgenic mice (and 5xFAD, in particular), substantial 83 attention has been paid to neuronal networks within/between the cortex and the hippocampus 84 [12, 17 -20, 25, 26] . Furthermore, the role of cholinergic, monoaminergic, and GABA-ergic 85 transmission in the functioning of these networks has been shown [18, 25, 27] . In our previous 86 study on an amyloid AD model, involvement of the dopaminergic (DA) system in the cortex-87 hippocampus EEG interplay has been revealed [12] . However, we are still lacking detailed 88 information how this system is affected in the AD transgenic mice. This needs to be clarified 89 5 ventral tegmental area (VTA; AP: -3.1, ML: -0.4, DV: -4.5), and into the right substantia nigra (SN; 126 AP: -3.2, ML: +1.3, DV: -4.3) [33] (DV was measured from the skull surface). Within areas 127 analyzed in this study, the opposite hemisphere for SN was chosen, firstly, because of its 128 proximity to VTA which meant we could not exclude possible mutual damage during electrode 129 implantation in the same hemisphere. Secondly, it is well known that the contralateral SN is the 130 dominant source of DA in the opposite (here: left) hemisphere. Custom made electrodes were 131 constructed from two varnish-insulated nichrom wires (100-µm diameter) glued together (3M 132 Vetbond TM Tissue Adhesive, MN, USA) with tips free from insulation for 100 µm. Thus, prepared 133 electrodes were sufficiently inflexible, and had higher effective surface/volume ratio than a mono-134 wire electrode of 200-µm diameter. The reference and ground electrodes (stainless steel wire, 0.4 135 mm in diameter) were placed symmetrically into the caudal cavities behind the cerebrum (AP: -136 5.3, ML: ±1.8, DV: -0.5). All electrodes were positioned using a computerized 3D stereotaxic 137
StereoDrive (Neurostar, Germany), fixed to the skull with dental cement and soldered to a dual "lower" and "higher" in "classical" EEG bands delta (0.5 -3.6 Hz), theta (3.8 -8.4 Hz), alpha (8.6 -181 12.4 Hz), and beta (12.9 -26.2), are used below to differentiate corresponding frequency 182 subbands of each band relative to its centre frequency (for more details, see [12] ). 183
The frequency spectra of 12-sec EEG epochs were averaged for every successive 10-min 184 interval for each mouse and for all of them separately from nTg and Tg groups. Relative 185 differences in the averaged EEG spectra, obtained in the experiments with saline (day 1) and 186 APO (day 2) in each group, were estimated as (APO -Saline) / Saline, in percentages, which 187 providing the evaluation of APO effects in nTg and Tg groups. 188
Immunohistochemical techniques 189
In additional groups of 5xFAD and nTg mice (n = 6 in each group), the animals were deeply 
Statistics 228
Differences in the averaged EEG spectra were evaluated by a two-tailed non-parametric 229
Mann-Whitney U-test for individual frequency subbands, and by ANOVA for repeated measures 230 when progression of EEG effects in the frequency ranges was analyzed either separately in 231 different brain areas (one-way ANOVA) or between them (2-way ANOVA). Immunohistochemical 232 data were analysed by a two-tailed non-parametric Mann-Whitney U-test with Bonferroni 233 correction. The group data were expressed as the means ± SEM; differences were considered 234 8 significant at p < 0.05. For ANOVA and U-test analyses, STATISTICA 10 (StatSoft, Inc., Tulsa, 235 OK, USA) was used, whereas power and effect size were calculated by use of G*Power 3.1.9.4 236 (www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3). At the effect size of 0.75 -0.9 and 237 power of 0.8, G*Power showed that the sample sizes chosen for nTg and Tg groups (9 and 6 238 mice, respectively) were reasonable for our EEG study (see below). 239 240
Results 241
Baseline EEG from different brain areas 242
During baseline EEG recordings, both non-transgenic (nTg) and transgenic (Tg) 5xFAD mice 243
were behaviorally active and characterized by intensive exploration of the experimental box that 244 was very rarely (1-2/60 min) interrupted by short (< 60 sec) sleep-like bouts. 245
Baseline EEGs in freely moving and behaviourally active nTg and Tg (5xFAD) mice ( Fig. 1 A  246 and B, respectively) were characterized in MC and HPC by patterns of relatively slow (5 -7 Hz) 247 and very fast (14 -25 Hz) oscillations. In the EEG from VTA, these patterns were also observed 248 in Tg mouse, whereas powerful slow waves of 3 -7 Hz were characteristic for nTg mouse. In the 249 EEG from SN in nTg mouse, oscillations of 6 -12 Hz predominated. The EEG patterns from MC 250 and HPC were represented in their frequency spectra by peaks in theta and beta bands (Fig. 1,  251 C, D). EEG spectra from VTA and SN in nTg mouse were characterized by wide peaks in the 252 ranges of theta and theta-alpha, respectively, whereas, in Tg mouse, the peaks were found in the 253 lower theta and higher alpha-beta (Fig. 1, E, F ). These differences between the groups were 254 stable in EEG spectra averaged over consecutive 10-min intervals and, thus, evidently observed 255 in the spectral profiles that characterised the whole (60-min) baseline period (Fig. 2) . 256
In 5xFAD mice, EEG activity in MC was enhanced during this period in both delta and alpha 257 bands and suppressed in beta band, compared to those in nTg mice ( Fig. 2, A; 2-way ANOVA for 258 15 samples x 6 repeats: F1,78 > 15, p < 0.001, for all bands). In HPC, the EEG differences in delta 259 and beta bands between the groups were similar to those in MC (Fig. 2, B ; 2-way ANOVA for 15 260 samples x 6 repeats: F1,78 > 28, p < 0.001, for both bands). In VTA of 5xFAD mice, relatively slow 261 oscillations in delta -theta range were attenuated, whereas beta activity was enhanced, 262 compared to those in nTg mice (Fig. 2, C ; 2-way ANOVA for 15 samples x 6 repeats: F1,78 > 34, p 263 < 0.001, for both frequency ranges). In SN (Fig. 2, D) , significant differences between 5xFAD and 264 nTg mice were observed in the same frequency ranges (2-way ANOVA for 15 samples x 6 265 repeats: F1,78 > 24, p < 0.001, for both ranges), however, the differences were evidently less than 266 in VTA (c.f., Fig. 2 , C and D, grey bars). All mentioned above differences were characterised by 267 reasonable power and effect size measures (see Suppl. 3). 268
Averaged EEG frequency spectra in MC were identical to those in HPC in both groups of mice 269 (Fig. 3, A) . EEG differences between VTA and SN (Fig. 3, B) , enhanced in delta-theta range and 270 reduced in beta band in nTg mice, were diminished in 5xFAD mice (2-way ANOVA for 15 271 9 samples x 6 repeats: F1,78 = 8.8, p < 0.01 and F1,78 = 6.3, p < 0.05, for both frequency ranges). In 272 nTg mice, EEG differences between VTA and MC (Fig. 3, C, dotted line) , increased in delta-alpha 273 range and decreased in beta band, were reduced in 5xFAD mice (Fig. 3, C , solid line) (2-way 274 ANOVA for 15 samples x 6 repeats: F1,78 > 270, p < 0.001, for both frequency ranges). The 275 profiles of relative differences between EEG spectra in SN and MC in nTg mice (Fig. 3, D, dotted  276 line) were similar to those observed between VTA and MC. In 5xFAD mice, the EEG spectral 277 differences between SN and MC (Fig. 3, D 
Apomorphine effects 283
After APO injection, behavioral reactions of both Tg and nTg mice were stereotyped: short-284 lasting freezing (1.5-2 min), followed by uninterrupted licking of the lower sides of the box that 285 was accompanied by raising the tail. The behavioral response was comparable between Tg and 286 nTg mice. Sleep-like bouts were very rare and short, and occurred at variable times. 287
In several pilot/supporting experiments on four nTg and three Tg mice, variations in EEG 288 spectra after saline injections in two consecutive days were evaluated. In spite of visible scattered 289 fluctuations in the EEG spectra averaged over consecutive 10-min intervals, no significant 290 regularities in the frequency-time domain were observed (see Suppl. 5). Given these preliminarily 291 obtained findings and obvious advantage of the experimenting on the same mouse, the sequence 292 of saline and APO injections in day 1 and day 2, respectively, was chosen as preferable. 293 APO produced significant changes in cortical EEG activities in delta and beta bands (Fig. 4, A  294 and B, respectively) compared to those observed after saline injection both in nTg mice (1-way 295 ANOVA for 9 samples x 12 repeats: F11,96 = 3.8, p < 0.001 and F11,95 = 2.6, p < 0.05 for delta and 296 beta bands, respectively) and in 5xFAD mice (1-way ANOVA for 6 samples x 12 repeats: F11,60 = 297 3.3, p < 0.01 and F11,60 = 3.0, p < 0.01, for delta and beta bands, respectively). APO-induced 298 delta suppression and beta enhancement in the cortex were observed for 50 min after injection 299 and both were more powerfully expressed in 5xFAD mice, compared to those in nTg mice (2-way 300 ANOVA for 15 samples x 5 repeats: F1,65 = 5.4, p < 0.05 and F1, 65 = 9.8, p < 0.01, for delta and 301 beta bands, respectively). Similar APO effects revealed in hippocampal EEG (Fig. 4, C, D)  302 evidently dominated for the whole 120-min period in 5xFAD mice over those in nTg mice in both 303 delta and beta bands (2-way ANOVA for 15 samples x 12 repeats: F1,156 = 15.2, p < 0.001 and 304 F1,155 = 24.5, p < 0.001, respectively). In EEG from VTA, APO suppressed delta activity for 50 305 minutes to a similar extent in both groups (Fig. 4, E ; 2-way ANOVA for 15 samples x 12 repeats: 306 F1,156 = 0.8, p = 0.4). In contrast, beta activity was significantly enhanced in 5xFAD mice 307 compared to that in nTg mice (Fig. 4, F; 2-way ANOVA for 15 samples x 12 repeats: F1,156 = 11.0, 308 p < 0.01). The profiles of APO effect in SN (Fig. 4, G, H) were similar to those observed in VTA. 309
The main differences between APO effects in nTg and Tg mice were predominantly observed for 310 50 minutes after APO injection and characterised by reasonable power and effect size measures 311 (see Suppl. 6). 312
After APO injection, the main interregional differences between the groups were revealed in 313 MC and VTA (Fig. 5) . In nTg mice, APO suppressed delta activity in VTA for 50 min after injection 314 to significantly higher extent than in MC (Fig. 5, A) . In 5xFAD mice (Fig. 5, B) , this difference was 315 eliminated predominantly due to its enhancement in VTA (c.f., Fig. 5, A and B, black lines; 2-way 316 ANOVA for 12 samples x 12 repeats: F1,156 = 14.4, p < 0.001). After APO injection, beta activity in 317 MC was increased for 50 minutes in both nTg and 5xFAD mice (Fig. 5, C and D, respectively,  318 grey lines). In nTg mice, APO produced phasic response in beta activity in VTA that was tended 319 to be lower relative to that in MC (Fig. 5 , C, black and grey lines, respectively). In 5xFAD mice, 320 beta activity in VTA was significantly suppressed by APO, compared to that in MC ( 
DA cells and dopamine transporter (DAT) distribution 326
To investigate the impact of possible differences in the DA system in Tg and nTg mice on their 327 EEG spectra, we stained brain sections with antibodies against TH or DAT at the levels of VTA-328 SN or MC-HPC areas, respectively (see Materials and Methods). The approaches revealed a 329 significant decrease of both TH-positive (TH+) cells in the DA-producing areas and DAT vesicle 330 density in the forebrain areas in 5xFAD mice (Fig. 6, A, C and B, D, respectively) . 331 332
Discussion 333
In this study, we have shown significant differences between transgenic, 5xFAD, and non-334 transgenic (nTg), control, mice in baseline and apomorphine-modified EEGs recorded from 335 different brain areas: secondary motor cortex (MC), hippocampus (HPC), ventral tegmental area 336 (VTA), and substantia nigra (SN). 337
Baseline EEG 338
In baseline EEG from MC and HPC in 5xFAD mice, delta and alpha oscillations were more 339 powerfully expressed than in nTg mice whereas those in beta band were suppressed (Fig. 2, A,  340 B). The increase of delta waves in the EEGs recorded from MC and HPC in 5xFAD mice seems 341 to be typical for transgenic murine AD models, as slower EEG activity has been shown in 5xFAD, 342
TgCRND8, and APP single mutant mice [13, 16, 18] . The EEG alterations in transgenic mice are 343 thought to be linked to the Aβ accumulation and plaque formation [17, 19] . However, EEG 344 modifications associated with the theta-gamma coupling, in particular, have been shown in 345 transgenic mice to precede the excessive Aβ production and other AD features [16] . In adult 346 5xFAD mice, which have been shown to be characterized by typical AD indices (see, e.g., [21] ), 347
we demonstrate the slowing down of cortical and hippocampal oscillations in both theta-delta and 348 beta-alpha ranges (Fig. 2, A, B) . These effects seem to be associated with a significant 349 suppression of DAT (Fig. 6, B, D) that might be expected to be associated with increase in DA in 350 the synaptic cleft [37], which hypothetically is able to compensate, at least in part, for the loss of 351 DA-producing neurones in VTA and SN (Fig. 6, A, C) . The low level of DA receptor activation has 352 been shown to be accompanied by EEG sleep features in the cortex [38] . Indeed, in 5xFAD mice, 353
we observe a significant amplification of both delta and alpha oscillations in MC (Fig. 2, A) In EEG from VTA and SN in 5xFAD mice, averaged amplitudes of delta-theta waves were 362 significantly decreased whereas those of beta rhythms were increased (Fig. 2, C, D) . These 363 frequency ranges coincide with those that characterise tonic (delta-theta) and so-called "bursting" 364 (beta) neuronal activities in the DA-producing areas [41, 42] . Given these and an involvement of 365 transmembrane currents in the origin of the EEG [8], the spectral differences in EEG from VTA 366 and SN may be interpreted as a weakening of tonic spiking and strengthening of phasic bursting 367 activity of DA neurones in 5xFAD mice. This is in line with an about four-fold higher rate of 368 bursting patterns revealed in rats after long-term 6-hydroxydopamine lesions of DA neurons in 369 SN [43] . The bias in profiles of VTA and SN neuronal activities is supposedly linked with DA cell 370 loss in 5xFAD mice (Fig. 6, A, C) . Evident correlation between the extent of DA cell loss in VTA 371 (63%) and SN (48%), and beta activity increase in EEG from these areas (37% and 20%, 372 respectively) in 5xFAD mice is in line with this suggestion (Fig. 2, C, D, grey bars in beta band) . 373
Partial DA cell loss is expected to invoke compensatory feed-back and feed-forward mechanisms 374
[44]. Indeed, MC activation has been shown to initiate bursts in VTA neurons [45] effectively 375 stimulating DA release in the cortex [46, 47] . This seems to be a vivid manifestation of a 376 compensatory function of the MC-VTA networks in 5xFAD mice, which are characterized by 377 depleted DAT in MC (Fig. 6, B, D) that is well known to initiate compensatory modifications in DA 378 synapses [48] . 379
In our study, the functioning of networks formed by different brain areas was evaluated 380 through the relations between their EEG frequency spectra (Fig. 2) . In mice from both groups, the 381 relative spectral profiles of EEG from HPC and MC were flat (Fig. 3, A) . Thus, the slowing of12 EEGs from these areas in Tg mice (Fig. 2, A, B , grey bars) seems to be associated with 383 synchronization of cortical and hippocampal oscillations that, in turn, may be correlated with the 384 DAT level reduction observed in MC in 5xFAD mice (Fig. 6, B, D) . Indeed, DA infusion into MC 385 has been shown to produce a significant enhancement of EEG synchronization and/or coherence 386 in MC and HPC [49] . Together, these suggest that DA transmission in the MC-HPC neuronal 387 circuits in 5xFAD mice is unchanged. 388
In control mice, VTA recordings were characterized by increased higher delta-lower theta and 389 decreased lower alpha-beta ranges (Fig. 2, C, grey line) , that may be interpreted as a 390 predominance of tonic discharges in VTA neurons and "bursting" activity in SN (see above). This 391 specificity of DA-containing areas, revealed in their EEG spectral profiles, was lost in 5xFAD mice 392 (Fig. 2, B, black line) . Thus, the SN-VTA networks [50] in 5xFAD mice seem to be tuned to 393 enhanced synchronization of the neuronal firing activity in the DA-producing nuclei. This is 394 supposedly associated with the mechanisms, which are involved in the compensatory processes 395 initiated by neuronal deficit in SN and VTA [51] . 396
In 5xFAD mice, a significant attenuation of the spectral differences in EEG from DA nuclei and 397 MC was observed throughout the analyzed frequency range (Fig. 3, C, D) . Thus, the functional 398 disturbances in 5xFAD mice seem to be predominantly associated with the attenuation of the 399 oscillatory activity in their DA nuclei-forebrain networks. 400
Apomorphine effects 401
In control mice, APO produced a "desynchronising" effect in EEG from MC and HPC, with both 402 attenuated delta and enhanced beta activities (Fig. 4, A -D Hence, a significant elevation of both suppression in delta band and activation in beta band in 408 cortical and hippocampal EEG observed in 5xFAD mice (Fig. 4, A -D Indeed, the neuronal population shrinkage in VTA and SN in 5xFAD mice (Fig. 6, A and C) is 411 expected to result in chronic depletion of DA in the terminal areas of MC and HPC that in turn to 412 initiate compensatory supersensitization of the postsynaptic DA receptors [54] . Similar APO 413 effects in delta range of EEG from VTA and SN in mice from both groups (Fig. 4 , E and G) 414 underline a relatively high functional stability of basic mechanisms involved in tonic neuronal firing 415 in these nuclei. On the other hand, significant differences revealed in beta ("bursting") range in 416 VTA and SN between 5xFAD and nTg mice (Fig. 4, F and H) seem to be associated with the 417 feed-back effects of the APO-activated forebrain on the DA-producing neurons in an attempt to 418 compensate for their APO-suppressed bursting activity [45] . 419 13 APO effects on the EEG spectra in mice from different groups are expressed in both frequency 420 and brain area specific manner (Fig. 5 ) that might be associated with differences in regional 421 sensitivity of DA receptors to APO. Indeed, delta activity, slightly suppressed by APO in MC of 422 mice from both groups (Fig. 5, A, B, grey lines) , is roughly affected by APO in VTA, while at lower 423 extent in 5xFAD mice (Fig. 5, A, B, black lines) . In contrast, APO enhancing of cortical beta 424 activity, comparable in mice from both groups (Fig. 5, C, D, grey lines) , is accompanied by a 425 significant beta suppression in VTA, predominantly in 5xFAD mice (Fig. 5, C, D, black lines) . 426
Given the deficit of DA-producing neurones in 5xFAD mice (Fig. 6 , A, C) these results might be 427 concluded to be consistent with the suggestion that DA-ergic deprivation is accompanied by 428 hypersensitization of post-and pre-synaptic DA receptors [54, 55] . Furthermore, the significant 429 amplification of APO-induced delta activity in EEG from VTA in 5xFAD mice (c.f. (Fig. 6, D) , are indirectly consistent with this suggestion. DAT activity deficit is 437 expected could be accompanied by an increase of DA level in the synaptic clefts that in turn 438 might initiate a compensatory desensitization of both pre-and post-synaptic DA receptors [48] . 439 Thus, the deficit of both DA-producing neurones and DAT in 5xFAD mice might be suggested to 440 affect the DA receptors sensitivity resulting in compensatory reorganization of the neuronal 441 networks in/within various brain areas. This is expected could lead to modifications of the APO 442 effects on the EEG oscillations generated by the affected networks. 443
In conclusion, the links between EEG spectra modifications and various intracerebral network 444 transformations in the transgenic model of familial AD, 5xFAD mice, are analyzed in this work. 445 We have shown that EEGs from dopamine-containing areas in the midbrain and in their terminal 446 forebrain structures are altered in these animals. Associations of these alterations with shrinkage 447 of DA-producing cell population, lowered dopamine transporter level, and modified sensitivity of 448 dopamine receptors, which were revealed in this study, are discussed. We suggest that this EEG 449 approach might be a useful tool for further studies of the adaptive/compensatory neuronal 450 network remodelling associated with disturbances in the dopaminergic system. Regardless of the 451 sources of these disturbances, in particular, associated with α-synuclein involvement 
